In recent years, the number of studies on decision-making in mice has increased dramatically. Many of these studies focus on the posterior parietal cortex (PPC), an area that has been implicated in sensory and multisensory processing, navigation, motion planning, and decision-making. In this review we summarize recent anatomical and functional studies of mouse PPC. First, we make a note of the existing variability in the nomenclature and its anatomical localization. Based on the commonalities across different studies we then describe the connectivity of PPC and discuss its place within several functional brain networks. In view of the examined connectivity, we go on to discuss the role of PPC for the encoding of single-modality and multimodal stimuli as well as its role in navigation. Finally, we summarize the literature on the choice-related activity: we discuss the variety of behavioral protocols and sensory modalities used in these studies, and we note that the response properties of PPC and its causal involvement in decision-making may depend substantially on these conditions. We conclude that, although more research should be devoted to creating a more complete and consistent image of the mouse PPC, this area should rightfully be considered a convenient model system for a circuit-level understanding of the mammalian parietal cortex.
Introduction
The parietal associative area (PTLp), or posterior parietal cortex (PPC), is found in most if not all mammals (Whitlock et al., 2008) . In accord, several review papers have discussed the anatomical and functional properties of the parietal cortex in a number of mammalian species, focusing primarily on human and non-human primates (e.g Andersen and Cui 2009 ). However, in the last decade, the rodent literature on PPC has significantly increased with a tendency to merge the discussion across different rodent species (e.g. mice and rats), and often assuming homologies with larger mammals. Mouse studies of this cortical region have received increased attention given the abundance of optogenetic tools available for circuit-level analyses, and the optimization of behavioral platforms for training mice in challenging decision-making tasks (Aoki et al., 2017; Burgess et al., 2017) . In this review we discuss the anatomical and functional properties specifically of mouse PPC, with an emphasis on its functional role for decision-making. We leave to future studies the challenging task of a comparative analysis with other mammalian species.
Anatomical localization
The mouse posterior parietal cortex is defined by its anatomical location, between the visual and somatosensory cortices, and its specific connectivity pattern. It projects reciprocally to the sensory areas, other associative cortices, and an associative subdivision of thalamus -the lateral posterior nucleus (LP) -but not to the unimodal subdivisions of thalamus (Hovde et al., 2018) . PPC sends and receives strong callosal projections from cortical areas , in contrast to the neighboring somatosensory cortex (located anteriorly) and the band of secondary visual areas (located caudo-laterally) . Using cytoarchitectonic properties (Paxinos and Franklin, 2012 ) and a pattern of major characteristic connections (Harvey et al., 2012) , mouse PPC was identified as a homologue of rat and primate PPC. Existing literature shows a fair degree of variability in what exactly different authors refer to as posterior parietal associative cortex: there are differences both in nomenclature, and in the actual borders of the reported cortical areas. We referred to the widely used reference atlases and compared coordinates of the reported parietal areas on one grid (Fig 1) . We used distance from bregma and midline as reported in the atlases, on the top-down view of the "unflattened" cortical surface. According to the Paxinos atlas, a group of parietal areas occupies a region located roughly between 1.5 and 2.1 mm caudally from bregma and 0.8 to 2.75 mm laterally from bregma (Fig
A C C E P T E D M
A N U S C R I P T 1, red filled region). Using Nissl and AChE staining, the atlas identifies areas MPtA (medial parietal association), LPtA (lateral parietal association), PtPD (posterior parietal dorsal), and PtPR (posterior parietal caudal). The distinctive cytoarchitecture of these subdivisions was recently confirmed in a study that additionally used PV immunostaining (Hovde et al., 2018) . The Allen atlas (Dong, 2008) which uses Nissl-staining for mapping cytoarchitecture utilizes the term posterior parietal association area (PTLp), and places it in an overlapping but a more caudally located part of dorsal cortex compared to the Paxinos atlas. PTLp spans the part of the cortex between 1.0mm and 2.75mm lateral to bregma and 2.0mm to 2.5mm posterior to bregma (Fig 1, blue filled region) with a narrow band extending more laterally along the rostral edge of visual areas. A separate subdivision of PTLp reportedly occupies an area along the lateral border of the visual cortex (blue dotted line). Here we only focus on the area named PTLp anterior to the visual areas, following most of the recent functional studies, as detailed below. Because of the relative shift along the rostro-caudal direction, a large part of PTLp reported in the Allen atlas corresponds to the rostral parts of V1, V2M, and V2L in the Paxinos atlas. Differences between the exact coordinates provided by the Allen and Paxinos atlases could be partly explained by the difference in age (P56 Allen, P100 Paxinos) and weight (25g Allen, 26-30g Paxinos) of the animals used, coupled with the difficulty of estimating border areas based on cytoarchitecture alone. The Allen Mouse Common Coordinate Framework (CCF) developed more recently by the Allen Institute (brain-map.org) reassesses the area layout of visual and parietal cortex and provides a more detailed map of secondary visual areas, using terminology similar to the one proposed for retinotopic areas (Garrett et al., 2014; Marshel et al., 2011; Wang et al., 2011) . To delineate the borders of secondary visual areas, authors of the CCF use multiple anterograde injections and create a visuotopic map of the dorsal cortex, which is then combined with the map of callosal projections. The borders are then drawn such that the visuotopic gradients found in each area correspond to the gradients reported in retinotopic studies previously (Wang and Burkhalter, 2007) . We aligned area borders reported in Allen CCF to the rostrocaudal extent of V1 reported by Allen atlas (Dong, 2008) and to its position relative to the midline (Fig 1, black) . Since we ignored the curvature of the cortex, lateral areas in our topdown view of CCF may be slightly distorted. We found that parts of the parietal areas reported by both Allen and Paxinos atlases overlap with area VISa of the CCF (which in turn partly overlaps with area A, (Wang and Burkhalter, 2007) ), although substantial parts of both extend beyond VISa, more medially and rostro-medially. Note that because the CCF map of retinotopic areas was obtained by using visuotopic markers but without mapping the retinotopy, the exact position of some retinotopic areas may deviate slightly from this map (e.g. compare retinotopy with CCF areas VISa, VISam in Driscoll et al. 2017 , Fig S1 (Driscoll et al., 2017 ). Overall, the common coordinates of recording sites of many recent PPC papers -within 1.7 and 2.0 mm posterior of bregma, 1.5 and 1.7 lateral of bregma -correspond to the rostromedial tip of VISa (Funamizu et al., 2016; Harvey et al., 2012; Zhong et al., 2018) . With respect to the areas delineated in the two atlases that we consider here, this location is just at the rostral edge of Allen atlas PTLp and in the caudal half of the complex of parietal areas of the Paxinos atlas. Practically, when choosing to record from area VISa as a proxy for PPC, it can be convenient to use the adjacent retinotopic area AM as a landmark (VISam), since the former shows more clearly and reliably on the retinotopic sign maps (Garrett et al., 2014; Marshel et al., 2011; Wang and Burkhalter, 2007) . However, whether PPC is strictly confined
to area VISa is still a subject of debate. A recent tracer injection study (Hovde et al., 2018) supports this claim, however several studies (Glickfeld and Olsen, 2017; Wang et al., 2011) refer to the retinotopic areas RL, A, AM, as parts of PPC by definition. Finally, connectivity studies based on Allen atlas consider PTLp and VISam as separate areas, albeit with very strong reciprocal connections. The question of clear identification of PPC with respect to retinotopic areas has explicitly been acknowledged in a recent decision-making study focusing on area AM (Odoemene et al., 2017) . This further underscores the existing variation in the nomenclature that uses the term PPC to indicate parts of dorsal cortex that largely overlap, but are not identical. In summary, the Paxinos and the Allen atlases give different but overlapping locations of posterior parietal areas and use different nomenclature for these areas. The location conventionally used for PPC recordings in the recent years (Harvey et al., 2012) corresponds to the coordinate where both areas overlap; this site is at the rostro-medial tip of VISa reported by the Allen common coordinate framework. Due to the variation in terminology, in the following we are going to use names PPC and PTLp interchangeably according to the literature that we reference, and we will overview studies on the function and connectivity of this area regardless of which term is used. When possible we will follow the literature noting that the majority of anatomy and connectivity studies use the term PTLp whereas functional literature preferentially uses the term PPC.
Anatomical projections
PPC/PTLp is interconnected with areas that are very diverse functionally and hierarchically: primary sensory areas, higher associative cortical areas, thalamus, striatum, and claustrum. To address this complexity, different studies have considered PPC/PTLp as a part of various functional subnetworks.
Cortex-wide subnetworks
When examining cortex-wide mouse connectome Zingg et al., (Zingg et al., 2014) identified two medial and one lateral subnetworks: PTLp belongs to one of the two medial subnetworks, alongside the other, medial-somatomotor one. This PTLp medial subnetwork links sensory areas (visual, auditory, and somatosensory) and higher associative areas. PTLp is one of the areas that relay projections from sensory regions to the higher areas, particularly the orbitofrontal cortex (OFC). A complementary analysis of the subnetworks which PTLp belongs to, arises from a study that puts larger emphasis on the top-down projections rather than overall cortico-cortical connectivity (Zhang et al., 2016) . Here, based in part on the weaker connectivity with motor regions, PTLp is placed in the same subnetwork as the visual cortex, but a separate one from the auditory and somatosensory areas, which both strongly connect to primary motor cortex (MOp) and lateral secondary motor cortex (MOs).
Connectivity with higher areas
Associative areas reciprocally connected to PTLp are orbitofrontal (OFC), retrosplenial (RSC), and anterior cingulate (ACC) cortices, with the latter two placed into the somatomotor medial subnetwork (Zingg et al., 2014) (Fig. 2a) . The medial subdivision of temporal association area (TEa) is also connected to PTLp reciprocally, but more weakly compared to the above three associative areas (Zhang et al., 2016; Zingg et al., 2014) . Connections with the three
associative cortical areas show layer preference (although not exclusivity): PTLp layers 5/6 are reciprocally connected to layers 2/3 of OFC, ACC layers 2-6 receive projections from PTLp layers 2-6 and send axons predominantly to PTLp layers 1 and 6, RSC projects mainly from layer 2/3 to most layers of PTLp, with higher density of projections in layers 1 and 6, and receives projections in layers 1 and 5/6 mostly from PTLp layer 5 (Zingg et al., 2014) . Topographically, the projections between these areas can be localized to their subdivisions: PTLp is interconnected predominantly with the ventrolateral subsection of OFC, but shows less specificity in the case of ACC and RSC. On the other hand, different regions of PTLp preferentially project to different parts of these two associative areas: for example, the medial part of PTLp predominantly projects to the ventral ACC whereas the central and lateral PTLp project to the dorsal ACC (Zingg et al., 2014) . Similarly, agranular part of RSC receives projections from the medial PTLp but not from its central and lateral parts. The above reciprocal projections monosynaptically target both excitatory and inhibitory neurons: PV, SOM, and VIP subpopulations (Zhang et al., 2016) . Although hierarchically positioned between sensory and prefrontal areas, PTLp is not a necessary stage for the flow of sensory information, since mouse OFC also receives direct projections from primary sensory areas. Interestingly, ACC neurons that project to the visual cortex send extensive axon collaterals to PTLp (Zhang et al., 2016; Zingg et al., 2014) and to a smaller extent to RSC. This is in contrast to the SC-projecting ACC neurons, which send almost no collaterals to PTLp (Zhang et al., 2016) . Finally, projections of PTLp to ACC target predominantly those neurons that send projections to the visual cortex.
Connectivity with sensory and motor areas PTLp receives projections from both primary (VISp) and secondary visual areas (VISam, VISal, VISpm, VISl), with particularly dense projections from the medial areas VISam and VISpm (Zingg et al., 2014) (Fig. 2b) . The latter two areas are also the main targets of feedback from PTLp. Such preferential connectivity resonates with the argument ) that places PPC into the dorsal visual stream subnetwork. Since a part of PTLp corresponds to area A -(see "Location") it belongs to the dorsal stream, which includes areas AL, RL, A, AM, PM . Area AL, an entry point of the visual information in this subnetwork , relays information about fast moving objects (Gao et al., 2006) to the other areas of the dorsal stream, and is argued to provide self-motion cues to medial entorhinal cortex (MEC) . Projections from AL to the multimodal PPC (defined in Wang et al, 2011 as areas RL, A, AM) can therefore provide the visual component that completes the picture of "self" in the current environment and relative to the behavioral goal. These arguments reinforce the placement of PPC/PTLp as a part of the network for spatial navigation, alongside the entorhinal-hippocampal circuit as suggested by studies in rats (Whitlock et al., 2008) . Finally, Zingg and colleagues (Zingg et al., 2014) , demonstrate reciprocal but weak projections between PTLp and lateral entorhinal cortex (ENTl). PTLp is reciprocally connected with auditory cortex (AUD). PTLp receives projections from its dorsal and ventral subdivisions (AUDd, AUDv), and to a smaller extent from primary auditory cortex AUDp (Zingg et al., 2014) . The main target of feedback from PTLp to AUD is its dorsal subpart AUDd. Besides visual and auditory areas, PTLp is reciprocally connected with primary and secondary somatosensory areas (SSp, SSs). Particularly strong projections are between PTLp and lower limb and trunk areas of primary somatosensory cortex (SSp-tr, SSp-ll) (Zhang et al., 2016 ; Zingg et al., 2014) . PTLp also receives unidirectional projection from the caudomedial whisker area (Zhang et al., 2016) . Connections of PTLp with motor areas mirror its connections with somatosensory cortex. PTLp is reciprocally connected with the lower limb and trunk subdivisions of the primary motor cortex (MOp-tr, MOp-ll), and to the secondary motor cortex (MOs), its rostrodorsal (MOs-rd), rostrodorsomedial (MOs-rdm), and caudal (MOs-c) domains as well as frontal eye fields (MOs-fef) (Zhang et al., 2016) , and unidirectionally -to the rostrodorsolateral domain (MOs-rdl) (Fig. 2c) . Both somatosensory and motor areas are placed in the cortex-wide subnetwork that does not include PTLp (Zingg et al., 2014) . However, the projections to the secondary and primary areas of the medial somatomotor subnetwork suggest the potential role of PPC in the conversion of sensory information to motor commands. Notably, experiments that focused on the top-down projections rather than cortex-wide connectome found that connections of PTLp with the motor areas were relatively sparse (Zhang et al., 2016) .
Subcortical projections
Among the characteristic projection targets of PTLp are striatum and thalamus (Harvey et al., 2012) . PTLp projects to the dorsal striatum (caudoputamen, CP) along most of it rostro-caudal extent (Hintiryan et al., 2016) . PTLp projects to the dorsal and lateral CP, but not to its ventral subdivision. Projections from PTLp to the striatum travel in parallel to numerous other cortico-striatal projections from sensory and associative areas (e.g. ACC, visual, secondary motor cortex) which target the same subdivisions of CP (Hintiryan et al., 2016) . Thalamic projections of PPC are among its classically defined connectivity features, since it is often identified by projections to the lateral posterior nucleus of thalamus (LP) (Frost and Caviness, 1980) . A more recent survey (Oh et al., 2014) notes that PPC projects densely to both LP and laterodorsal (LD) nuclei of thalamus, and receives weak inputs from nuclei LP, LD, and posterior complex of thalamus (PO). Unlike the associative thalamic nuclei, purely sensory subdivisions of thalamus, such as LGN and MGB, have none or very weak connections with PTLp (Hovde et al., 2018; Oh et al., 2014) . Another subcortical target of PTLp is claustrum to which it is reciprocally connected. PTLp reportedly receives strong projections to claustrum and sends relatively weaker projections back (Zingg et al., 2014) .
Sensory and Multisensory response properties
PPC contains neurons that are modality-specific or multimodal, and respond to auditory, visual, somatosensory stimuli, or to any of their combinations. As a non-primary sensory area, PPC participates in the processing of a variety of sensory features. For example, retinotopic areas that constitute PPC preferentially respond to fast moving objects (Gao et al., 2006) . Single-modality neurons are distributed unevenly and in a modality-specific way, for example area RL, often considered a part of PPC, contains both visual and somatosensory neurons, with gradients of cell density perpendicular to the borders of the neighboring V1 and S1 (Olcese et al., 2013 ). An approach that so far has clearly demonstrated the cross-modal properties of PPC in mouse has been through learning multimodal contingencies rather than decision-making based on simultaneously presented multimodal stimuli (Mohan et al., 2018a; Olcese et al., 2013; Yoshitake et al., 2013) . These studies point to the central role of PPC in learning such contingencies from the environment, and in responses to novel or unexpected stimuli (Mohan et al., 2018a (Mohan et al., , 2018b Yoshitake et al., 2013; Zhong et al., 2018) .
In one study (Mohan et al., 2018a) , after learning a tactile discrimination task that started with an auditory cue, mouse PPC was shown to contain touch-sensitive neurons that responded only if the auditory cue was present. Besides, some neurons developed responses to the omissions of the expected touch stimuli after an auditory cue, which pointed to the possible predictive role of PPC. A role of PPC in predictive coding was suggested in a separate study that used an auditory-based navigation task in a virtual reality (Funamizu et al., 2016) . In this study, inactivation of PPC led to inability of animals to update their prediction of running distance whenever the sensory information was not immediately available. Based on the learned properties of the sensory information in the surrounding environment, PPC modulates neural responses in the upstream areas. A study that involved distorting visual inputs in young mice by using wearable prisms, found suppressed responses in the visual cortex compared to the control group (Yoshitake et al., 2013) . When PPC of the affected mice was silenced with muscimol, the depression of V1 responses was eliminated. This finding suggests that PPC is an area that re-weights sensory cues based on perceptual and behavioural experience. Another study shows the role of PPC in resolving conflicts of sensory information across modalities (Song et al., 2017) . In this study, mice were trained in both single modality visual and single modality auditory tasks. After reaching expert performance levels, animals were presented with audio-visual stimuli that on a fraction of trials provided conflicting cues. The authors reported that mice preferentially used auditory cues over the visual ones, and using optogenetics were able to show that PPC was causally involved in this preferential weighting. Mechanisms that allow PPC to integrate multimodal information at the level of circuits have not been extensively studied yet. However, a population of PV neurons takes part in crossmodal integration during visuotactile perception (Olcese et al., 2013) . This is based on the finding that the activation of PV neurons reduces the responses of pyramidal neurons to multimodal stimuli more strongly than it reduces the response to unimodal stimuli (Olcese et al., 2013) . This difference suggests that the multimodal tuning of PPC neurons is a property that emerges within the microcircuits of PPC and it is not inherited. Importantly, sensory responses of PPC neurons often show signs of cognitive modulation: for example a large proportion of visually selective neurons have been reported to be active only during task engagement (Pho et al., 2018) . However, the literature that uses multimodal stimuli to study the role of PPC in behavior and decision-making in mice remains scarce, likely because of the complexity of training mice in such tasks.
Activity during navigation
Rodent posterior parietal cortex is known to encode the representation of self body motion through space, with the literature on this subject predominantly focused on rat studies (Mcnaughton et al., 1994; Whitlock et al., 2008) . Unlike hippocampal or entorhinal neurons whose representation of space is fixed to a given environment, rat PPC was shown to represent the position of the animal relative to the beginning and to the end of the navigation trajectory (Nitz, 2006) . Consequently, rat PPC has been found to maintain the representation of self along the navigation path even if the animal is placed in a different maze or runs along the same trajectory but in the opposite direction (Nitz, 2006; Whitlock et al., 2012) . In rats as well as in mice, PPC neurons have been shown to encode individual movements, such as turns (Harvey et al., 2012; Whitlock et al., 2012) , and sequences of movements (Morcos and Harvey, 2016; Whitlock et al., 2012) together with heading direction (Krumin et al., 2017) . In rats, the activity of PPC neurons has been implicated in encoding movements before they occur A C C E P T E D M A N U S C R I P T (Whitlock, 2014) . Furthermore, it has been reported that the representation of movements in rat PPC is modulated by animal's engagement in the task (Whitlock et al., 2012) . Future studies might be able to confirm a similar role of mouse PPC in navigation.
Decision-making
As a homologue of parietal areas in primates, mouse PPC is poised to take part in decisionmaking. Several recent papers have considered mouse PPC specifically in the light of this function, echoing the dedicated perspective from Carandini and Churchland 2013 (Song et al., 2017) , visuo-spatial (Driscoll et al., 2017; Harvey et al., 2012; Krumin et al., 2017; Morcos and Harvey, 2016) , and audio-spatial (Funamizu et al., 2016) tasks. In an example study, headfixed mice were successfully trained to discriminate between two visual stimuli, one signaling to lick the spout for water, the other signaling to withhold licking (Goard et al., 2016) . A trial consisted of three distinct periods: stimulus presentation, delay period, and response period during which the spout was moved toward the mouse. Head-fixation allowed optical recording and manipulation of neural activity during the course of a trial. While some groups prefer purely sensory detection (Song et al., 2017) or discrimination tasks (Goard et al., 2016; Hwang et al., 2017; Makino et al., 2017; Pho et al., 2018; Zhong et al., 2018) with decision reported by licks, lever presses, or joystick deflections, others focus on perceptual decisions in the context of navigation through virtual reality. In (Harvey et al., 2012) decision-making is studied as an animal runs through a T-maze in a virtual reality. After briefly observing the cue -a tower on either side of the maze -the animal runs toward the intersection point without seeing the cue and turns into the corresponding arm of the maze to get the reward. The virtual reality itself can be a visual scene containing visual (Driscoll et al., 2017; Harvey et al., 2012; Krumin et al., 2017; Morcos and Harvey, 2016) or auditory (Runyan et al., 2017 ) cues for decision, or it can be fully auditory (Funamizu et al., 2016) . In the latter work (Funamizu et al., 2016 ) the auditory virtual reality was simulated, in complete darkness, by an array of speakers that surrounded the head-fixed mouse on a treadmill. As the mouse ran on the treadmill, the perceived position of the sound source became closer to the animal, whose task was to reach the sound source and to lick the spout for a water reward. Importantly, the auditory scene had intermittent silent zones where the animal had to infer its position based on earlier stimuli and running distance. Tasks may also include explicit delay periods, during which an animal cannot report a decision (Goard et al., 2016; Hwang et al., 2017) , or implicit where it has to run from the location where it received evidence to the location where it can make a choice (Funamizu et al., 2016; Harvey et al., 2012) . These studies bring the mouse PPC literature closer to the delay period tasks common in primates, which similarly span different modalities like vision (Cui and Andersen, 2007) and somatosensation (Machens et al., 2005) . Finally, the fact that any of the above modalities allow studying choice-related activity in mouse PPC reinforces the understanding of this area as an associative region that links diverse sources of sensory information to the centers that drive behavior. Adopting experimental protocols that allow cross-modal integration of sensory evidence, such as 2AFC tasks with visual flashes and auditory clicks used in rat studies A C C E P T E D M A N U S C R I P T (Akrami et al., 2018; Hanks et al., 2015; Licata et al., 2017; Raposo et al., 2014) , can further enhance the understanding of multisensory decision-making in mouse PPC (Najafi et al., 2018) .
Choice-related activity Periods of sustained activity in the parietal cortex are a hallmark of decision-making in primates (Shadlen and Kiani, 2013) . Classical studies on visual decision-making in primates use noisy visual stimuli, such as random dot motion pattern, and observe a gradual accumulation or integration of sensory evidence toward a decision in the activity of parietal neurons (Roitman and Shadlen, 2002) . However, in tasks involving navigation, PPC reportedly encodes decisions in sequential activations of individual neurons (Harvey et al., 2012) and groups of neurons (Morcos and Harvey, 2016) . When a choice is being made, the population activity in PPC traverses a sequence of patterns. Authors suggest that every transition from one pattern to the next is determined both by the continuously arriving sensory evidence and by the previous activation pattern. Using these sequence activations PPC naturally encodes the memory of the current trial and previous trials, and therefore has the ability to accumulate evidence toward the final decision. As shown theoretically, the ability to store memory and encode decisions in sequential activations is a direct consequence of strong coupling observed among PPC neurons (Runyan et al., 2017) . Tasks that are not based on navigation but do involve a delay period (Goard et al., 2016) or a gradual evidence accumulation (Hanks et al., 2015) (in rat) find that the representation of choice activity in PPC is sustained, not sequential, which suggests that the representation of decision may be strongly determined by the task itself. Evidence accumulation in form of gradual ramping rather than sequential activation was also found in the click train discrimination task in rats (Hanks et al., 2015) . Sequential coding as a general representation of decision in PPC remains a subject of discussion, and is argued to be specific to navigation tasks (Krumin et al., 2017) . It has been noted that a population code similar to the one observed in (Harvey et al., 2012) can be explained by location and heading tuning of PPC neurons (Krumin et al., 2017) . In a virtual reality experiment similar to (Harvey et al., 2012) , the authors map out the place selectivity and heading angle selectivity of all cells they recorded from, and show that these two variables are enough to explain choice-selective activity of PPC, and in fact are better at explaining it than the actual binary choice. Because of its involvement in memory-driven behavior, PPC could take part in preferential weighting of early or late sensory information during a single trial. It has been recently reported that in tasks that involve evidence accumulation, mice predominantly weight early sensory evidence (Odoemene et al., 2017; Pinto et al., 2018) . However, area AM, which is sometimes considered part of PPC, reportedly does not participate in this reweighing, since the reweighing remains unchanged after inactivation of AM (Odoemene et al., 2017) . To clearly establish the role of PPC in this reweighting of sensory evidence, the causal involvement of other subparts of PPC, such as area A, should be elucidated. Finally, PPC has been found to encode choice biases created by previous choices and rewards (history biases) in perceptual decision tasks across sequences of trials. When activating inhibitory neurons in the inter-trial period, the biases created by previous choices and rewards are reduced (Hwang et al., 2017) . This finding is mirrored by the study in rats that focuses on contraction bias, a tendency to represent the stimulus held in the working memory as more similar to the average of the stimuli observed before (Akrami et al., 2018) . In this study, which was based on the comparison of loudness of two sounds presented with a delay, inactivation of PPC reduced the influence of sensory history on the choice. In the former study
however (Hwang et al., 2017) no effect was shown on such history-dependent behavior if the PPC was silenced during the trial. Similarly, no effect on history-dependent behavior was observed in an auditory classification task (Zhong et al., 2018) when PPC was silenced during the presentation of a familiar stimulus. However an opposite effect was reported when a mouse PPC was silenced during the presentation of a novel stimulus, which had to be categorized according to a known rule (Zhong et al., 2018) . In this case, silencing PPC increased the bias toward the previous trial's choice.
Necessity for decision-making
What aspect -if any -of the computations implicated in decision making critically depends on PPC is less clear. Linking neurometric measurements to the decision-making process, requires a careful separation of its diverse behavioral components, such as accumulation of sensory evidence, commitment to a choice, and motor preparation (Schall, 2001) . Several groups have addressed this problem by precisely timed optogenetic manipulations (Table 1) and by complex population-level analysis of neural responses during decision (Harvey et al., 2012) . Inhibiting PPC during cue period but not delay period reportedly impairs performance in a visuospatial task (Driscoll et al., 2017) , and visual task (Goard et al., 2016) . Based on this observation, authors suggested that early on after stimulus onset, PPC receives enough sensory evidence to allow committing to a choice. This conclusion is partly characteristic of the task: both groups presented just a single, salient visual stimulus instead of enforcing accumulation of evidence over a period of time e.g. by using auditory clicks and/or visual flashes, as done in rats (Raposo et al., 2014) and mice (Pinto et al., 2018) , or by using random dot motion stimuli as is classically used in primates (Britten et al., 1992) . Interestingly, in the absence of a delay period inhibition of PPC did not have an effect on the performance in a visual task (Harvey et al., 2012) . This suggests that immediate visual decisions that don't require involvement of working memory and/or evidence accumulation may not crucially depend on PPC. Anatomically, such a mechanism of fast visual decision could be mediated by the superior colliculus, or by a set of projections from the visual cortex that bypass PPC and target higher cortical regions directly (Zingg et al., 2014) . The necessary role of PPC in delayperiod decision-making is likely modality-specific, as performance in auditory (Zhong et al., 2018) or somatosensory (Guo et al., 2014) tasks is not impaired when PPC is inhibited (although note that (Zhong et al., 2018) did not introduce a delay period). Absence of behavioral effects in auditory tasks is further supported by rat literature (Erlich et al., 2015; Licata et al., 2017; Raposo et al., 2014) (Table 2) . However, in a task where a mouse used only auditory information for navigation (Funamizu et al., 2016) , inhibiting PPC resulted in larger errors in the estimate of distance. It is also reported that performance in an auditory task does change with inhibition of PPC if the auditory stimuli are novel rather than familiar (Zhong et al., 2018) and have to undergo categorization. Overall, although the evidence in auditory and somatosensory tasks is not fully conclusive, for vision-based decision making PPC seems to be necessary when working-memory and/or sensory evidence accumulation are required to solve the task. Whether mouse PPC directly implements computations for visual decisionmaking, rather than performs a purely sensory computation and inherits task-modulated responses from elsewhere, is not fully understood. Rat literature (Licata et al., 2017) suggests the latter, but this was demonstrated by using broad optogenetic activation of pyramidal neurons. For a causal demonstration of decision computation or of its absence, it would be key to carry out optogenetic manipulations of PPC microcircuits targeting cells based on their A C C E P T E D M A N U S C R I P T selectivity for sensory or task-related components, e.g. memory, accumulated evidence, motor preparation (Pho et al., 2018) .
Conclusions
In this paper, we have reviewed recent literature on the anatomy and function of mouse PPC. PPC is a multisensory associative area that sends extensive projections to other associative cortical areas as well as to sensory areas. It is implicated in navigation, and possibly sensory decision-making. Anatomy and function of mouse PPC largely follows findings reported for rats, however there are a few notable discrepancies with the rat literature (not extensively discussed here). For example, although in the rat silencing PPC did not lead to any observable impact on the performance in an auditory discrimination task (Raposo et al., 2014) , work in mice that used similar manipulations (infusion of muscimol) and relied exclusively on auditory stimuli, showed impairment in the animal's judgement of distance (Funamizu et al., 2016) . However, this discrepancy might be explained by the many differences in task structure, such as navigation, the involvement of short-term memory, and the availability of visual information. The result of Zhong et al., (Zhong et al., 2018) -namely that silencing PPC increases history biases and reduces performance when categorizing new stimuli -is difficult to relate to an existing study in rats, which showed that history biases are reduced and performance is overall improved when PPC is silenced (Akrami et al., 2018) . The latter study, despite not introducing any novel stimuli, had a variety of stimuli compared against an abstract category boundary which brings it closer to the classification task of (Zhong et al., 2018) . Notably, according to the rat study, the effect of optogenetic manipulation on task performance varied from condition to condition, depending on whether history biases were maladaptive or adaptive. Some of the findings are sometimes difficult to reconcile even within the mouse literature, which again might be ascribed to the specifics of the experimental protocols and tasks used. For example, the sequential representation of decisions in PPC (Harvey et al., 2012; Morcos and Harvey, 2016) has recently been challenged by Krumin et al., (Krumin et al., 2017) who showed that sequential coding can be explained by the animal trajectory and heading data better than by the choice itself. This concern was not fully addressed by the controls made in the papers that propose sequential coding for the decision (Harvey et al., 2012; Morcos and Harvey, 2016) , such as the playback of the visual scene, and running in darkness. Furthermore, the visual-task design was not matched in the two studies, with important differences in visual-cue availability throughout the trials. The causal involvement of mouse PPC in computation of sensory-based decisions is yet to be fully explored. Studies in rats have provided evidence for a key role of PPC for sensory processing necessary for decisions, rather than for using sensory information in the computation of choice (Akrami et al., 2018; Licata et al., 2017) . Supporting arguments relied on the quenching of variability in firing rates (VarCE, (Churchland et al., 2011)) , with choice signals likely inherited from higher areas (Licata et al., 2017) . Considering PPC as an area that multiplexes both sensory and choice signals (Pho et al., 2018 ) with a predominant sensory quenching of response variability could offer a reconciling view with the causal involvement of PPC in decision-making. Clearly establishing the role of rodent PPC in decision-making will help understand its functional homology with primate parietal and extrastriate areas. Notably, as pointed out by Licata et al. (Licata et al., 2017) , inactivation studies in primates (Katz et al., 2016) suggest that functionally rodent PPC may be more similar to extrastriate than parietal areas in primates.
Lastly, it is suggested that the variability of the inactivation site locations and inactivation methods used across studies can contribute to the different conclusions about the role of rodent PPC in decision-making (Brody and Hanks, 2016; Licata et al., 2017) . In conclusion, mouse literature on PPC anatomy and function paints a picture of an area that is largely analogous to the posterior parietal cortex in rats. A number of discrepancies, found also within the mouse literature, likely underscores the diverse response properties of PPC that depend on the behavioral task, sensory modality, task engagement, and other factors. This rich diversity represents a hallmark of primate associative areas (Andersen and Cui, 2009 ). Overall, also in consideration of the abundance of optogenetic tools available for mice, and with the caveat that more studies are needed to highlight similarities among these animal orders, we suggest that mouse PPC is a convenient model system for a circuit-level understanding of the mammalian parietal cortex in perception and cognition.
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